Abstract-This brief presents low-complexity detectors for a zero-IF Bluetooth receiver based on a simple phase-domain analog-to-digital converter. Measurements and simulations prove that the detectors' sensitivity lies close to an ideal coherent Gaussian frequency-shift keying (GFSK) detector.
I. INTRODUCTION

B
LUETOOTH is a low-cost short-range radio link that offers ad hoc networking to replace cable connections. For low cost, Bluetooth transceivers must be simple. To this end, there is near-unanimous convergence to low-IF receivers [1] - [4] , because the image channel can be easily rejected on chip and any IF higher than the data rate lends itself to simple frequency discrimination. However, direct conversion to zero IF is even simpler and promises lower power consumption and cost, provided the associated problems [5] are overcome. The most important of these problems are dc offset, large noise in the baseband sections, and dynamic dc offset caused by self-mixing of the local oscillator (LO). There is one instance of a zero-IF BiCMOS receiver in the literature, which, however, uses an unspecified digital demodulator [6] .
In an all-analog receiver, a high-pass filter (HPF) that places a null at dc can solve most of the problems associated with the Gaussian frequency-shift keying (GFSK)-modulated waveform downconverted to zero IF. Its cutoff frequency must be chosen carefully: too low a cutoff might not remove enough noise, whereas too high a cutoff may remove precious signal spectrum. In either case, the HPF removes fixed dc offset. SIMULINK simulations with a linear FM discriminator demodulating a 1-MHz-wide Bluetooth channel at zero IF show that a first-order CR HPF with cutoff at 19 kHz does not worsen the bit-error rate (BER) beyond 0.1%. This is acceptable according to the specifications [7] .
Although a correlator is the ideal FM demodulator [8] , in practice the simple limiter discriminator is used more often. Frequency discrimination may be based on a delay line [9] to sense a frequency shift on every symbol, or a flip-flop that senses phase reversals [10] . For either demodulator to work, the waveform must cross zero at least once or more per symbol. When data modulates the carrier with a low frequency-shift keying (FSK) index, such as 0.32 in Bluetooth, it is the IF, not the baseband modulation, which determines whether there will appear zero crossings in every symbol period that can be counted. This is shown in Fig. 1 , which compares the waveforms of a Bluetooth modulated waveform downconverted to 1-MHz IF 1 with the same waveform downconverted to zero IF in quadrature phases. Whereas the waveform at IF of 1 MHz or higher always crosses zero once or more per symbol, the and waveforms at zero IF do not cross zero over intervals lasting as long as three symbols in this example. In fact, intervals with no zero crossing can be arbitrarily long. Therefore, a limiter-discriminator cannot work at zero IF, and some other means of detection must be found. In general, all-analog detectors can consume a large amount of power; whereas all-digital detectors are compact and efficient but cannot work without multibit analog-to-digital converters (ADCs). Lee and Kwon [11] have presented a method to detect low-index FSK modulation that uses analog preprocessing followed by an array of limiters and digital detection. In some cases, low-power digital circuits combined with simple analog circuits that eliminate multibit ADCs may offer the lowest overall power consumption; this paper shows an example. We present the design and implementation of this class of demodulator adapted to Bluetooth at zero IF. Then we show a further simplification. Finally, results measured from prototypes of both detectors are compared with theoretical bounds.
II. MULTIPHASE LIMITER DISCRIMINATOR
Let us represent the quadrature Bluetooth waveforms at zero IF as projections of a vector in a two-dimensional plane whose phase is modulated by data [ Fig. 2(a) ]. Whenever the vector crosses the x or y axis, it induces a zero crossing in the or waveform in time. The modulation index determines by how much the vector rotates per symbol; when there is intersymbol interference, it rotates less per symbol. Indeed at a low index, the phase rotations over many symbols may well be confined to one quadrant, which means that no zero crossings will appear in and , as shown in Fig. 1 . However, if the four quadrants are uniformly subdivided into many segments, then the vector is bound to cross one or more segment boundary every symbol. As noted in [11] , just as the downconverted and waveforms project the vector phase on the principal orthogonal axes (0 , 90 , 180 , and 270 ), linear combinations of the and waveforms with trigonometric weights project the received waveform along segment axes ( and ). For a pair of orthogonal axes rotated by relative to the principal axes [ Fig. 2(a) ], the projections , and , relate as follows:
As the received waveform's vector traverses these axes, it trips zero crossing detectors; the greater the number of axes, the higher the resolution of phase. In each symbol period, the demodulator counts the number of positive and negative zero crossings induced, respectively, by clockwise and counterclockwise phase rotation, then the sign of the net count determines whether the symbol is 0 or 1. System simulations show that to detect Bluetooth modulation with an error rate of at most 10 , the quadrants of the phase plane must be divided uniformly into at least eight segments, as defined by orthogonal axis pairs with rotations , , where [ Fig. 2(b) ]. In a circuit implementation (Fig. 3) , this needs linear combiners that are analog amplifiers and summers to create and according to the equations above, and 16 limiting amplifiers followed by eight zero-crossing detectors to sense and latch transitions across phase thresholds. Latches sensing the relative zero crossings of and must clock at a large multiple of the symbol rate (the oversampling factor) to resolve the time instants of zero crossing with sufficient accuracy to determine the sense of phase rotation. Simulations show that a moderate oversampling factor of 6 is sufficient. We call this arrangement a 4-bit phase-domain ADC. Zero crossings can be detected directly on a small amplitude waveform; all that is needed is a reasonable signal-to-noise ratio (SNR), without need of automatic gain control (AGC) to some preset large amplitude.
It is instructive to compare this phase-domain demodulation with linear (digital) FM discrimination on quadrature channels at zero IF. This discriminator, available as a library model in SIMULINK, consists of a phase-locked loop (PLL) with a voltage-controlled oscillator (VCO) whose outputs are in quadrature, and a phase detector that forms the cross-product of the quadrature waveforms at the PLL input with the quadrature outputs of the VCO. It is assumed that an AGC loop amplifies the received signal to the full-scale of an ADC prior to demodulation. In general, the higher the resolution of this converter, the lower is the error rate in detection. We simulate demodulation of waveforms quantized by ADCs of progressively higher resolution. All simulations are based on an oversampling factor of 64 to eliminate any artifacts due to quantization in time. We find that for the FM demodulator to perform as well as our phase-domain approach, the input voltage waveforms must be quantized with a resolution of at least five bits (Fig. 4) . Two 5-bit converters in and channels require a total of 64 comparators, whereas the phase-domain approach needs only 16 and, more importantly, it needs no AGC. Simulations also show that the phase-domain approach can tolerate errors caused by comparator offsets amounting as large as 2 in the phase quantization without degrading BER.
III. SIMPLER DETECTOR BASED ON PHASE ENCODING
Instead of sensing phase rotation by counting crossings across reference axes, a more direct way is to read the instantaneous phase from the 16-bit thermometer code at the output of the comparator array [ Fig. 5(a) ]. With eight 1-bit zero-crossing detectors, this code resolves the instantaneous phase to an accuracy of . For example, the code corresponding to the shaded segment in Fig. 5(b) is 0000 1111 1111 1111; as the phase of the GFSK vector rotates clockwise from the shaded segment to the striped segment, the code changes to 0000 0111 1111 1111, whereas if the vector rotates counterclockwise to the dotted segment, the code becomes 0001 1111 1111 1111.
The demodulator needs only to know the initial and final values of the code across one symbol period to determine the angle of the received waveform and the direction of rotation. This simplifies the circuit considerably. Although for timing synchronization it is necessary to oversample the downconverted signal, this simple detector itself clocks at the symbol rate, 1 MHz, which lowers power consumption.
Unlike other mobile wireless systems, Bluetooth terminals are meant to connect, for instance, a PDA to a desktop computer over short ranges and are not subject to high speeds. There is no need, therefore, to characterize the new demodulator in rapidly time-varying multipath channels.
IV. EXPERIMENTAL RESULTS
The first demodulator described above, based on the phase-domain ADC followed by counters, was implemented on a Xilinx FPGA mounted on an XESS XS40 test board. The detector uses 470 gates. Two synchronized arbitrary waveform generators synthesize randomly modulated Bluetooth GFSK waveforms in quadrature phases at zero IF. Off-the-shelf analog components on a separate circuit board implement the trigonometric-weighted sums to create projections on the intermediate phase axes. For the data rate of 1 Mb/s specified by Bluetooth, the detector clocks at 6 MHz to capture the zero crossings with sufficient resolution.
An implementation of the simplified second demodulator which does not use zero-crossing detectors requires only 60 gates on the same FPGA and clocks at 1 MHz, the symbol rate. A 16-bit latch stores the code from the previous clock cycle [ Fig. 5(a) ]. At the end of a symbol, the difference in code values gives the direction of phase rotation, which is sufficient to decide on the data bit. Fig. 6 shows BER measurement results from both detectors. The simplified detector is 0.5-1 dB more sensitive than the zero-crossing detector, because even with 6 oversampling of the time axis in the latter, the quantization error in locating zero crossings can induce bad decisions. In both cases, measurements are close to bit-by-bit simulations of the detectors. As is also shown in this figure, this detector performs almost as well as a fully coherent continuous-phase 0.32-index FSK demodulator and far better than a noncoherent demodulator [12] .
For an error rate of 10 , the highest allowed in Bluetooth, the new detector requires an of about 13 dB. This corresponds to an SNR of 15.7 dB. Bluetooth specifies a minimum detectable signal of 70 dBm and signal bandwidth of 1 MHz; then using the formula in decibels , we infer that the receiver noise figure (NF) must be less than 31 dB. It is relatively easy to implement a receiver which consumes a very small power and whose NF is well below this number.
The detector's resistance to co-channel interference has also been simulated. The Bluetooth specification requires tolerance of a co-channel interferer with a ratio of 11 dB. This detector delivers a BER of 10 with a co-channel of 9 dB, that is, it tolerates 2 dB larger interferers than required by specifications.
V. CONCLUSION
This brief described the problems in demodulating a narrow-band FSK waveform centered at zero IF and proposed two solutions. Both solutions are based on a 4-bit phase-domain ADC followed by simple logic circuits to detect signals in the presence of noise with adequate sensitivity for Bluetooth. A mixed analog/digital hardware implementation of the detector is simple, compact, and low power. Measured results of BER versus SNR from experimental prototypes match well with simulations and are close to the characteristics of a fully coherent 0.32-index FSK detector. We believe these new detectors will make it feasible to realize a compact low-power Bluetooth zero-IF receiver.
